Background-Recent studies in infective endocarditis have suggested an association between surgery and reduced mortality. However, these studies did not account for survivor treatment selection bias, which is an underrecognized source of error in observational studies. Therefore, we sought to evaluate the effects of survivor bias on surgical outcomes in infective endocarditis. Methods and Results-We studied 223 patients admitted with left-sided infective endocarditis between 1996 and 2006 and compared all-cause mortality between surgically treated and medically treated patients using Cox regression analysis. Propensity scores were used to account for selection bias, and time-dependent analyses were performed to account for survivor bias. Compared with medical patients (nϭ161), surgical patients (nϭ62) had lower mortality during a median follow-up of 5.2 years (32% versus 51%; Pϭ0.02) with an unadjusted hazard ratio of 0.54 (95% CI, 0.33 to 0.88, Pϭ0.01). After adjustment for baseline differences in propensity for surgery and risk of mortality, there remained a significant benefit for surgery (hazard ratio, 0.50; 95% CI, 0.28 to 0.88; Pϭ0.02). However, this was diminished after time-dependent analysis (hazard ratio, 0.77; 95% CI, 0.42 to 1.40; Pϭ0.39).
T ime-dependent bias is a common source of error in the interpretation of observational data and can have a significant impact on study outcomes. 1 Survivor treatment selection bias is a specific type of time-dependent bias that occurs in survival analyses, whereby patients who live longer are often more likely to receive treatment than patients who die early. In this context, ineffective treatment may appear to prolong survival.
Current recommendations for surgery in infective endocarditis (IE) 2,3 are based on observational data because of the perceived ethical concerns for conducting randomized controlled trials in this area. 4, 5 Several recent observational studies in IE have demonstrated improved survival with surgery, with the implication that surgery should be considered in a broader population of patients with IE. 6, 7 However, most of these studies have not corrected for the potential effect of survivor treatment selection bias. 6 -8 Indeed, the one study that considered surgery as a timedependent variable found surgery to be associated with an increased risk of mortality. 8 However, the extent to which surgical outcomes in IE may be subject to survivor bias has not been systematically explored.
Therefore, the aims of the present study were to assess the potential effect of survivor treatment selection bias on surgical outcomes in IE and specifically evaluate whether surgery is associated with reduced mortality in IE after adjustment for survivor treatment selection bias.
Methods

Patients and Setting
We retrospectively reviewed the medical records of consecutive patients admitted with left-sided IE between January 1996 and
WHAT IS KNOWN
• When survivor treatment selection is not addressed during analysis, ineffective treatment may appear to prolong survival. • Recent observational studies in infective endocarditis have reported improved survival with surgery, but most of these studies have not accounted for the potential effect of survivor bias.
WHAT THE STUDY ADDS
• Standard propensity analyses, often used to adjust for selection bias in observational studies, do not adequately address survivor treatment survival bias. • Time-dependent Cox regression analysis may be used to address survivor bias. • After appropriate correction for survivor bias, surgery is not associated with a survival benefit in patients with endocarditis. • These data do not preclude a benefit from surgery in patients with infective endocarditis and certain complications of low frequency in the study population.
January 2006 to 2 independent university teaching hospitals in Sydney, Australia. Cases were included if they satisfied the modified Duke criteria for a definite or possible diagnosis of IE. 9, 10 Patients with right-sided IE were excluded because surgery is rarely indicated in such patients. 3 In addition, hospital-acquired cases of IE (with onset of symptoms Ͼ72 hours after admission to hospital, nϭ6) were excluded because a specific time of diagnosis could not be accurately determined. All patients were over the age of 18, and the study was approved by the ethics review committees of both hospitals.
Study Variables and Definitions
Treatment assignment was designated retrospectively with surgically treated patients defined as those patients who underwent surgery during the index admission for IE. Elective surgical episodes occurring in subsequent admissions were not considered for analysis. Baseline data were collected on patients at the time of admission to hospital. Overall comorbid status was assessed using the Charlson comorbidity score, 11 and the first available data were used for laboratory and echocardiographic variables. New York Heart Association functional class was assessed at days 1, 8, and 15, and the worst preoperative New York Heart Association functional class was used for analysis. The Euroscore for predicting operative mortality was also calculated for each patient at the time of diagnosis to allow comparison between medically treated and surgically treated patients. 12
Outcome and Follow-Up
The study outcome was all-cause mortality during follow-up (median, 5.2 years, interquartile range, 2.5 to 8.0). Survival status was determined from medical records and confirmed with data from the State Government of New South Wales Registry of Births and Deaths. Patients were censored according to their status at the time of last contact.
Statistical Analyses
Differences in baseline characteristics between surgically treated and medically treated patients were assessed using independent samples t test and Fisher exact test as appropriate.
General Modeling With Adjustment for Selection Bias
Univariate associations between clinical variables and surgery were explored using binary logistic regression. Clinically relevant and statistically significant variables were entered into a nonparsimonious multivariable logistic regression model. Using this model, a propensity score was calculated for each patient, corresponding to his or her probability of undergoing surgery. 13, 14 The association between surgery and mortality was first assessed using multivariable Cox regression models with surgery as a fixed (time-independent) covariate. The propensity score was used to adjust for possible patient selection bias attributable to nonrandomized assignment of surgery, and the Euroscore was used to adjust for baseline heterogeneity for the risk of mortality. Both variables were confirmed to satisfy the linearity assumption by fitting higher-order terms.
Time-Dependent Modeling of Surgical Outcomes
To evaluate the overall effect of time-dependent bias, Cox regression analysis was repeated with surgery as a time-dependent covariate whose value was allowed to change with the time component of the regression model. 15 The proportional hazards assumption was tested using Schoenfeld residuals.
Conditional Kaplan-Meier analyses were then used to further explore the influence of time on outcomes. 16 The date of hospital admission was defined as day 1. Clinically relevant landmark times were chosen as day 15, day 30, and day 60 on the basis of prior literature. 2, 6, 17 Using these landmark times as reference points, left-truncated Kaplan-Meier curves were generated to compare mortality between surviving patients who had surgery before the landmark time and surviving patients who had surgery later or who never had surgery.
Two-sided probability values of Ͻ0.05 were considered to be significant for all analyses. All analyses were performed using SPSS 13.0 for Windows (SPSS Inc). The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Patient Characteristics
Among 223 consecutive patients admitted with left-sided IE between 1996 and 2006, 62 patients (28%) underwent surgery during the index admission at a median time of 18 days (interquartile range, 10 to 44). Baseline patient characteristics are presented in Table 1 . Compared to medically treated patients, patients undergoing surgery were significantly younger and had lower Charlson comorbidity scores but were more likely to have severe valvular regurgitation and heart failure. The calculated Euroscore was also significantly lower among surgical patients, and it was a strong marker of all-cause mortality during follow-up (hazard ratio, 1.30; 95% CI, 1.23 to 1.37; PϽ0.001). Operative characteristics and outcomes for surgical patients were comparable to other contemporary surgical series 18 (Table 2 ). Patients underwent surgery at a median time of 18 days after admission to hospital (interquartile range, 10 to 44 days), and the timing of surgery in relation to day of admission is shown in Figure 1 .
Analysis of Propensity for Surgery
Baseline characteristics demonstrating a significant univariate association with surgery included: younger age, lower comorbidity score, aortic valve involvement, severe heart failure, severe regurgitation, and intracardiac abscess (supplemental Table I) . A nonparsimonious propensity model for predicting surgery was developed incorporating these variables as well as Staphylococcus aureus, embolic stroke, Duke Paravalvular abscess or fistula 10 (16) Prosthetic valvular dehiscence or obstruction 4 (7) Recurrent embolic events 4 (7) Vegetation Յ10 mm and mobile, or enlarging 4 (7) Persistent or refractory infection 1 (2) Type of valve used 
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status, and hospital site on the basis of prior literature 4,6 -8,19 (supplemental Table II ). The C-statistic for the model was 0.82 (95% CI, 0.76 to 0.88), indicating satisfactory discrimination of surgical and nonsurgical patients. Using this model, all patients were assigned a propensity score for surgery.
Effect of Surgery on Mortality
During follow-up, 20 patients (32%) died in the surgical group and 82 patients (51%) died in the medical group (Pϭ0.02). Considered as a fixed (time-independent) variable, surgery was associated with an unadjusted hazard ratio of 0.54 (95% CI, 0.33 to 0.88; Pϭ0.01) and significantly reduced long-term mortality on Kaplan-Meier analysis with early separation of event curves (Figure 2 ). After adjustment for confounding with the propensity score and baseline heterogeneity with the Euroscore, surgery was still associated with a significantly lower risk of long-term mortality compared to medical therapy (hazard ratio, 0.50; 95% CI, 0.28 to 0.88; Table 3 ). However, when surgery was analyzed as a time-dependent variable, the association with reduced mortality was diminished and no longer statistically significant (hazard ratio, 0.77; 95% CI, 0.42 to 1.40; Table 3 ). Moreover, in a subgroup analysis excluding "higher-risk" patients undergoing emergency or urgent surgery (nϭ36), the association between surgery and mortality remained nonsignificant (hazard ratio, 0.65; 95% CI, 0.28 to 1.52; Pϭ0.32).
Conditional Kaplan-Meier Analyses
Kaplan-Meier survival analyses, performed at the prespecified landmark times of day 15, day 30, and day 60, found no significant difference in mortality between patients who had undergone surgery and patients who had not (Figure 3 ). This indicated that the difference in unadjusted mortality between surgical and medical patients occurred in the early period of hospitalization between days 1 and 14.
In all, there were 8 deaths (4%) within the first 72 hours of admission, 14 deaths (6%) within the first week, and 28 deaths (13%) within the first 2 weeks of admission. Medically treated patients accounted for 26 of the 28 deaths. In addition, surgery was performed infrequently during this same time period: 2 patients (1%) within 72 hours, 8 patients (4%) within 1 week, and 25 patients (11%) within 2 weeks.
Discussion
The present study evaluates the potential impact of survivor treatment survivor bias on surgical outcomes in IE. Similar to previous studies, 6, 7 we found that surgery was associated with reduced mortality after adjustment for selection bias using propensity analysis. However, the association between surgery and reduced mortality was no longer apparent after correction for survivor treatment selection bias. These findings have important implications for the interpretation of observational studies that inform recommendations for surgery in IE.
Survivor treatment selection bias is a common source of error in the interpretation of observational data 1 and is particularly relevant to IE because surgery occurs at a variable time into a patient's admission. In particular, it is conceivable that patients who survive longer are more likely to undergo surgical intervention. In this context, surgery may be incorrectly interpreted as being associated with improved survival.
Several recent studies have demonstrated improved survival with surgery (Table 4 ). Moreover, the results of these studies are widely accepted because propensity analyses had been used to correct for the well-recognized problem of selection bias. 20 However, a study by Tleyjeh and colleagues, 8 which analyzed surgery as a time-dependent variable, showed that surgery was associated with potential harm. And, although the discrepant result may be explained by referral bias given the much higher rate of mortality observed among surgical patients in this latter study compared to previous studies, the potential effect of survivor treatment selection bias was raised. In the present study, the unad- *Hazard ratio refers to per increase of 0.10 in propensity score for surgery. †Hazard ratio refers to per increase of 1.0 in Euroscore. justed mortality rates were similar to previous studies, and the magnitude of mortality reduction with surgery after adjustment for selection bias using propensity analysis was also strikingly similar to previous studies. As the baseline risk in our population was comparable to other studies it allowed a valid exploration of the effect of survivor treatment selection bias. We observed that time-dependent covariate analysis diminished the mortality benefit of surgery observed using fixed covariate analysis. Furthermore, even after the exclusion of "higher-risk" patients undergoing surgery as an emergency or urgent procedure, surgery was not associated with reduced mortality using time-dependent analysis. These findings suggested that the apparent reduction in mortality attributed to surgery was potentially influenced by survivor treatment selection bias. Conditional Kaplan-Meier analyses demonstrated that there was no significant reduction in mortality in patients undergoing surgery beyond day 14, and the difference in mortality observed during fixed covariate analysis was primarily attributable to excess deaths in medically treated patients during early hospitalization. In this same time period, surgery was not frequently performed. These observations support the notion that survivor treatment bias resulted in the apparent survival benefit observed with surgery. Most importantly, our study and that of Tleyjeh and colleagues 8 establish that standard propensity analysis is insufficient for overcoming survivor treatment selection bias when addressing the effect of surgery on mortality in IE.
This study has important clinical and methodological implications. First, our study does not support the recommendation of surgery for unselected patients with left-sided IE. 5 Second, it highlights the potential for erroneous conclusions about the role of surgery in IE because of the unrecognised impact of survivor treatment selection bias. Third, timedependent covariate analyses should be considered in the design of observational studies in other areas of cardiovascular medicine where randomized controlled studies are not feasible.
Although we have attempted to address the most common bias associated with retrospective observational data by the use of strict definitions for variables, confirmation of out-comes using a government registry, and careful statistical analyses, it is possible that our results may yet be confounded by unmeasured factors. Another important caveat is that the small study size restricts our ability to draw firm conclusions about the effect of surgery on selected patient subgroups, such as those with generally accepted indications including uncontrolled heart failure or abscess formation. Furthermore, although the patients in this study had similar characteristics and outcomes to other studies, the results may not be generalizable to other populations.
It is difficult to draw firm clinical conclusions regarding the place of surgery in the management of IE on the basis of the available observational data. However, our study suggests that if surgery is to make an impact on the unacceptably high mortality of IE, then directing such treatment to high-risk patients currently not considered for surgery during the first 2 weeks of admission may be more likely to improve outcomes than increasing the availability of surgery beyond this time. But, such a strategy would need formal evaluation in a randomized trial, as it is quite possible that current decision making by treating physicians is appropriately restricting surgery to patients with the greatest chance of operative success, and that novel treatment options will be required to reduce mortality within the first 2 weeks of hospitalization.
In conclusion, this study demonstrates the importance of survivor treatment selection bias in the design and interpretation of observational studies. Significantly different conclusions were reached regarding the role of surgery in IE after correction of such bias using time-dependent survival analysis. Furthermore, we have shown that standard propensity analysis alone is inadequate for addressing this potential methodological limitation in outcomes research.
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